of the tongue has been documented, via electropalatography in children with articulation/phonological disorders aged 6 or older [13] . It may be that children too young to be studied using electropalatography commonly lack independent control of the tongue's subregions, and that this accounts in some part for some common features of speech acquisition in young children [13, 14] .
It is often observed that the tongue of the newborn is larger, relative to the oral cavity, than in the adult [e.g. 2 ] . It is not known precisely when and how, but the space surrounding the tongue must grow more rapidly than the tongue itself over some period of time in order for the child to attain more adult-like proportions. It seems reasonable to speculate that as the tongue is given more room to maneuver, its control will be facilitated. Subregions of the tongue that have more room to maneuver may be able to take advantage of any available control to form a greater variety of shapes, always bearing in mind that jaw position affects the size of the front cavity [see ref. 15 for more detailed treatment].
The goal of this work is to measure the growth of the sagittal areas of the front and back cavities in children from 3 to 8 years of age. This provides some estimate of how much room to maneuver is available to the tongue, and whether that space grows uniformly across the front and back cavities.
Methods
All measures were made from cephalograms archived at the Burlington Growth Centre in Toronto, Canada. For details about the collection, see http://www.utoronto.ca/dentistry/facultyresearch/dri/grad_burlington.html.
Subjects
Ten female children were selected for study from the Serial Experimental collection. The decision to study one sex was based on the findings of Vorperian et al. [16] that there are prepubertal differences in vocal tract growth rates in boys and girls. The decision to study girls was a random choice.
The initial criteria for subject inclusion were: a complete series of annual visits, that is, subjects were seen approximately yearly at the ages of 3, 4, 5, 6, 7, and 8 years. Subjects had class I occlusion. Subjects with trauma such as broken teeth were excluded. Two subjects, F07 and F10, had deciduous teeth extracted in their 7th year. Actual ages at time of observation can be seen in table 1 .
Landmarks
Cephalograms of subjects in lateral view with the teeth in occlusion were manually traced. As a check on measurement reliability, 10% of the cephalograms, chosen at random, were traced a second time, on a different day. When visible, the sella turcica, frontal and nasal bones, orbits, mandible, cervical vertebrae, air-
Area and Angle Measurements
We defined two areas to serve as approximations of the front and back cavities. The boundaries of these areas were chosen because they were reliably visible on the cephalograms. The front cavity and back cavity are outlined in figure 1 b, c. The superior boundary of the front cavity was defined by drawing a straight line through the anterior and posterior nasal spines of the hard palate. The anterior boundary was a line drawn from the anterior nasal spine to the menton of the mandible; the posterior boundary was drawn from the posterior nasal spine to the epiglottal landmark. The inferior boundary was drawn from the menton to the epiglottal landmark.
The posterior boundary of the front cavity coincided with the anterior boundary of the back cavity. The superior boundary of the back cavity was drawn by extending the line connecting the anterior and posterior nasal spines back to the posterior pharyngeal wall. The posterior boundary was the curve along the posterior pharyngeal wall to the arytenoid landmark. The inferior boundary of the back cavity was a line connecting the arytenoid and epiglottal landmarks. The areas of the cavities were calculated. Following King [17] a straight line was drawn tangent to the anterior surfaces of cervical vertebrae 2, 3, and 4. The angle , defined by this line and the palatal plane (which was described above as the superior border of the front and back cavities), was measured. This served as a check on head position ( fig. 1 d) .
Statistical Analyses
Multiple regression was performed using MATLAB Statistical Toolbox function 'regress'. The analysis tested for effects of age, head position, and their interaction on the areas of the front and back cavities. The independent variables were age in years and an angle measure based on the angle . The way that the back cavity area could be expected to behave as a function of angle is illustrated in figure 2 . Here the area of the back cavity is approximated by a triangle. As shown in this figure, the area of the triangle varies as the sine of the angle , where this angle deviates about 90° for the subjects, say by an amount ⌬ , so that = 90° + ⌬ . However, sin(90° + ⌬ ) = sin(90° -⌬ ), so that a triangle that has a that differs from 90° by an amount -⌬ possesses the same area as one that differs from one that has a that differs from 90° by an amount + ⌬ , all else being equal.
Thus, the angle measure based on that we employed, n , was set equal to , for greater than or equal to 90°, and it was set to 180° -for less than 90°. The definition of n is such that a with value less than 90° is 'flipped' to a n with a value greater than 90° in such a way that and n are the same distance from 90°. For instance, = 83° corresponds to n = 97°. In this way the area of the approximating triangle being a symmetric function of (about 90°) is a decreasing function of increasing n , with all n greater or equal to 90°. Note that the length of the base of the approximating triangle along the extension of the line connecting the anterior and posterior nasal spines is not a function of . 
Results

Reliability
Measurements from a total of 45 cephalograms were analyzed. Five of these cephalograms had been traced a second time as described in the 'Methods'. These tracings were analyzed separately, and percent changes from the first to the second measurement of cavity areas were calculated. These percent changes ranged from 1.04 to -0.48% for the front cavity, and from 4.48 to -3.76% for the back cavity. The mean changes were 0.11 and -0.26% for the front and back cavities, respectively. As described below, the back cavity areas were smaller than the front cavity areas, so that similar sized differences in measurement would be expected to result in larger percent changes for the back cavity area than for the front.
Angle measure
Values of ranged from 73 to 117°, with a mean of 92° and a standard deviation of 9.4°. The distribution of is shown in figure 3 .
Growth of the Front and Back Cavities
The sagittal areas of the front and back cavities for each subject at each age are plotted in figure 4 . Means and standard deviations at each age are given in table 2 . It can be seen that the front cavity is larger. In this limited sample, the growth of the back cavity appears to slow after age 6. Two exceptions to this rule can be seen in figure 4 , where arrows indicate the exceptions. For these 2 children, at ages 7 and/or 8, the back cavity area was affected by an unusually long distance between the posterior border of the tongue and the posterior pharyngeal wall. Whether this was postural, behavioral, or simply an unusual growth pattern is not known. All 3 of these subjects possessed angles greater than 90° (99-110°).
Regression Analysis
The results of the regression analyses are presented in table 3 and figure 5 . There is the expected positive slope for the independent variable age for both the front and back cavities. For the back cavity the area has the expected negative correlation with n , as explained in the discussion of figure 2 . We are uncertain about the reasons for the sign of the slopes for front cavity area with angle n . The interaction of angle n with age appears to be a result peculiar to this small data set. For the front and back cavities, age, angle n , and the interaction of age and angle n were all highly significant (p ! 0.001 for both cavities). However, while age, angle n , and their interaction account for 73% of the variation in front cavity area, the corresponding r 2 for the back cavity is smaller at 31%. The slopes with age, for both the regressions with and without n and the age-by-n interaction as independent variables, show that the front cavity area is growing up to 4 times faster than the back cavity area on an absolute area basis. We also normalized the front and back cavity areas with their respective overall averages. On this relative basis, it appears that the front cavity area is growing slightly faster than the back cavity area, with the slope for the independent variable age equal to 0.82 for the front cavity and 0.74 for the back cavity. The slopes for the n independent variable in the front cavity area regression are small relative to the slope for the independent variable age, while the ratio of slopes is about 9 times larger for the back cavity, and the slope with n is negative. Also the change in the relative r 2 is more substantial for the back cavity regression than for the front cavity regression when n and age-by-n interaction are included with age as independent variables. These trends meet the expectation that the front cavity area is independent of the angle of head inclination, while this is not the case for the back cavity area. Further, the trend is negative as n increases from 90°, or, equivalently, as deviates further from 90°, as expected when considering the area of the triangle approximating the back cavity. Additionally, a closer examination of the data indicates that the age-by-n interaction term in the back cavity area regression could account for individual variation in the range of the inclination angle .
Discussion
The purpose of this study was to chart the growth of the space available for the tongue to move in during speech. Previous studies of vocal tract growth [5] [6] [7] have measured a variety of linear distances within the tract. Nonuniform growth of individual structures, and of structures classified by orientation, was seen. The current study extends knowledge by estimating sagittal area from longitudinal data.
Because both front and back cavities have horizontal and vertical dimensions, it was not clear whether the differential growth trajectories documented by Vorperian et al. [6, 7] would affect the relative areas of these two spaces. In this small sample of female children, the area of the front cavity is substantially larger and grows faster than that of the back cavity. The faster growth of the front cavity is reduced but still present when cavity areas are normalized by their respective means. Thus precise control of the back of the tongue for speech may be more challenging for children of this age range. Our data are consistent with the findings of Vorperian et al. [6, 7] that the growth rate of the lengths of vertical pharyngeal structures is greater than that of lengths of horizontal oral structures, after 3 years of age. The rapid lengthening of the pharynx means that the tongue can also descend to make the part of the front cavity not filled by the tongue more spacious in the sagittal plane. Thus, the entire front cavity sagittal area increases. While pharyngeal lengthening also increases the sagittal area of the back cavity, the effect on the front cavity is greater, because of the front cavity's much longer horizontal boundary (i.e. the hard palate).
Vorperian et al. [7, 16] have shown gender differences in growth rates of some aspects of the vocal tract in children of the age range studied here. Goals for future studies will include confirming present findings in a larger sample of female children, and conducting a parallel investigation of vocal tract area growth in male children.
